Phosphoinositide-dependent phospholipases C (PI-PLCs) are activated in response to various stimuli. They utilize substrates provided by type III-Phosphatidylinositol-4 kinases (PI4KIII) to produce inositol triphosphate and diacylglycerol (DAG) that is phosphorylated into phosphatidic acid (PA) by DAG-kinases (DGKs). The roles of PI4KIIIs, PI-PLCs, and DGKs in basal signaling are poorly understood. We investigated the control of gene expression by basal PI-PLC pathway in Arabidopsis thaliana suspension cells. A transcriptome-wide analysis allowed the identification of genes whose expression was altered by edelfosine, 30 μM wortmannin, or R59022, inhibitors of PI-PLCs, PI4KIIIs, and DGKs, respectively. We found that a gene responsive to one of these molecules is more likely to be similarly regulated by the other two inhibitors. The common action of these agents is to inhibit PA formation, showing that basal PI-PLCs act, in part, on gene expression through their coupling to DGKs. Amongst the genes up-regulated in presence of the inhibitors, were some DREB2 genes, in suspension cells and in seedlings. The DREB2 genes encode transcription factors with major roles in responses to environmental stresses, including dehydration. They bind to C-repeat motifs, known as Drought-Responsive Elements that are indeed enriched in the promoters of genes up-regulated by PI-PLC pathway inhibitors. PA can also be produced by phospholipases D (PLDs). We show that the DREB2 genes that are up-regulated by PI-PLC inhibitors are positively or negatively regulated, or indifferent, to PLD basal activity. Our data show that the DREB2 genetic pathway is constitutively repressed in resting conditions and that DGK coupled to PI-PLC is active in this process, in suspension cells and seedlings. We discuss how this basal negative regulation of DREB2 genes is compatible with their stress-triggered positive regulation.
INTRODUCTION
Besides their structural role as membrane constituents, lipids are signal mediators that recruit target enzymes to a specific membrane and this can lead to the functional activation or inhibition of the recruited proteins (Wang et al., 2006) . Phosphoglycerolipids are a major class of signaling lipids, their mediating action resulting either from the action of lipid kinases or from the action of phospholipases (Janda et al., 2013) . Phosphatidylinositol-4-kinases (PI4Ks) phosphorylate phosphatidylinositol into phosphatidylinositol-4-P (PI4P) that can be further phosphorylated into phosphatidylinositol-4,5-bisP (PI(4,5)P 2 ) by PI4P-5-kinases. The PI4P and PI(4,5)P 2 phosphoinositides can be bound by proteins, more particularly through the pleckstrin homology (PH) domain. For instance, the PH domain of EDR2 (Enhanced disease resistance 2) protein that regulates plant defense and cell death, binds PI4P in vitro (Vorwerk et al., 2007) . PI(4,5)P 2 is also known to regulate actin cytoskeleton and vesicle trafficking, and this might be important for polarized growth of root hair and pollen tube (Monteiro et al., 2005; Stenzel et al., 2008; Thole and Nielsen, 2008; Zhao et al., 2010) . PI(4,5)P 2 also binds some phospholipases D (PLDs) and has a positive impact on their activities as a cofactor (Qin and Wang, 2002) . PLDs hydrolyze structural lipids, such as phosphatidylcholine (PC) and phosphatidylethanolamine (PE), into phosphatidic acid (PA). PI(4,5)P 2 is also substrate of phosphoinositide-dependent PLCs (PI-PLCs) that will hydrolyze it into diacylglycerol (DAG) and inositol triphosphate (InsP 3 ). DAG can be phosphorylated into PA by diacylglycerol kinases (DGKs) and soluble InsP 3 can be further phosphorylated into highly phosphorylated inositol (Stevenson-Paulik and Phillippy, 2010) . The relative importance of InsP 3 (or its derivatives), of DAG and of PA in PI-PLC dependent responses is poorly understood. DGKs have been shown to be activated in response to host-pathogen interactions, to elicitors such as xylanase, but also in response to abiotic stresses such as salinity, osmotic stress, and cold (Ruelland et al., 2002; Arisz et al., 2009) . The coupling of PI-PLC and DGK activities has been shown to occur in response to cold or chitosan elicitor (Bargmann and Munnik, 2006) . However, whether DGKs act to attenuate a messenger (DAG) or to produce one (PA) in the PI-PLC module is not established. Since genes encoding proteins homologous to PKC, the archetypal mammal DAG-binding protein, have not been found in plant genomes, it is assumed that the active lipid messenger produced by PI-PLC pathway is PA, through the coupling with DGK. Indeed PA target proteins have been identified (Wang et al., 2006) . Yet this does not mean that DAG has no role. The C1 domain is responsible for DAG binding in mammalian PKC. C1-domain bearing proteins exist in plants (Janda et al., 2013) . More data are thus necessary to document the role of PA produced by DGKs in the PI-PLC module.
Besides a role in response to an elicitation, lipid signaling could also occur in non-stimulated cells, thus participating in basal signaling (Boss et al., 2010) . A so-called non-stimulated cell is not a cell in which no intracellular signaling occurs. On the contrary, a non-stimulated cell is a cell where its steady-state is attained through the action of basal signals, some of which participate actively and constitutively in repressing or stimulating downstream events, in particular, gene expression. Therefore, we investigated the involvement of lipid signaling, especially that of the PI-PLC pathway, in the basal regulation of gene expression. In Arabidopsis, PI-PLCs are encoded by a family of 9 members (Pokotylo et al., 2014) and redundancy of PI-PLC proteins has been suggested. In a single tissue, where several isoforms are expressed, they all appear to be functionally identical (Hunt et al., 2004) and phenotypes of single mutants are scarce. When studying basal signaling, the use of mutants is not necessarily appropriate since plants can constitutively activate compensatory mechanisms. Thus, a pharmacological approach where all the isoforms are inhibited at the same time, has been proposed (Powis et al., 1992; Horowitz et al., 2005; Wong et al., 2007; Kelm et al., 2010) and was utilized in the current study. In this way, genes were identified whose basal expression was altered in the presence of PI-PLC inhibitors, namely edelfosine or U73122. In experiments in presence of wortmannin, an inhibitor of type III-phosphatidylinositol 4-kinases (PI4KIIIs) that provide substrates to PI-PLC, or R59022, a DGK inhibitor that prevents PA synthesis from DAG, we found a strong statistical bias in favor of genes that were similarly regulated by edelfosine and these inhibitors. These genes are likely to be regulated by the basal PA produced by a PI-PLC pathway. Interestingly, some DREB2 genes are amongst the genes up-regulated when basal PI-PLC is inhibited. Their target genes are also over-represented in the genes altered by inhibitor treatment. Our data establish that the DREB2 genetic pathway is constitutively repressed in Arabidopis suspension cells and seedlings, and that DGK coupled to PI-PLC is active in this process. Interestingly, the DREB2 genes upregulated by PI-PLC inhibitors are not necessarily up-regulated when basal PLD-produced PA is lowered, suggesting there are no general "PA-responsive genes" but genes responsive to DGKproduced PA and genes responsive to PLD-produced PA. This article is one of the first reports revealing a role for plant DGKs. Because of the major role of DREB2 transcription factors in plant responses to dehydration, this role appears of high importance.
RESULTS

IDENTIFICATION OF EDELFOSINE-CONTROLLED GENES
Arabidopsis suspension cells were incubated with 100 μM edelfosine and harvested after 4 h. The transcriptome of edelfosinetreated cells was compared to that of non-treated cells using CATMA chips (Hilson et al., 2004) . Of the 26139 CATMA probes leading to a signal, 412 were induced by edelfosine while 515 were repressed (listed in Supplemental Table S1A ). The expression of a selection of genes, either induced or repressed by edelfosine, was verified by RT-PCR (Figure 1 ) thus confirming their response to the inhibitor.
A transcriptomic study of cells treated with U73122, another widely used PI-PLC inhibitor (Horowitz et al., 2005 ) was performed. As a control, U73343, an inactive analog of U73122, was used. Of the 38383 CATMA probes leading to a signal, 745 were repressed by U73122 and 1091 were induced by U73122 (listed in Supplemental Table S1B ).
Microarray data obtained from edelfosine-treated cells were then crossed with those obtained from cells treated with U73122. Twenty-one thousand three hundred and sixty nine probes were identified which had a signal in both experiments. A probe can be up-regulated, down-regulated, or not regulated by edelfosine or by U73122 (when compared to U73343). Therefore, combining the possible responses leads to 9 categories of behavior for each probe. A contingency table shows the number of probes FIGURE 1 | Edelfosine alters basal gene expression. We verified on a set of genes that edelfosine could stimulate (A) or repress (B) basal expression. Arabidopsis suspension cells were treated with 100 μM edelfosine for 4 h, at 22 • C, before harvesting. Transcript levels were estimated by reverse transcriptase-PCR, using an appropriate number of cycles. The microarray data of the corresponding genes are expressed as log2 (I edelfosine /I control ). The color scale for microarray data is indicated.
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August 2013 | Volume 4 | Article 307 | 2 associated with each category ( Table 1) . The experimental numbers can be compared to the theoretical numbers assuming that sensitivities to edelfosine and to U73122 are independent and the ratio between observed and theoretical values was calculated. A Pearson's Chi-squared test clearly showed (p-value less than 2.2e-16) that the sensitivity to edelfosine was not independent from the sensitivity to U73122. We identified 127 genes induced by edelfosine and U73122, and 122 genes repressed by both molecules (listed in Supplemental Table S1C ); this represents 10-and 17-fold more probes than expected theoretically in case of independent actions, respectively. On the contrary, the genes regulated in different ways by each inhibitor were very much under-represented: for instance, there was no gene repressed by U73122 and induced by edelfosine. This clearly shows the effects of edelfosine and of U73122 are not independent, and most likely represent the consequence of the common action of these molecules, i.e., the inhibition of PI-PLC. A Venn diagram representing the overlaps between gene regulated by U73122 or edelfosine is in Supplemental Figure S1A .
EDELFOSINE-CONTROLLED GENES ARE ALSO CONTROLLED BY 30 μM WORTMANNIN, A TYPE III-PI4K INHIBITOR
We recently showed that PI-PLC substrates are provided by type III-PI4Ks (Delage et al., 2012) . These enzymes that catalyze the formation of PI4P, are inhibited by micromolar concentrations of wortmannin (Krinke et al., 2007) . PI-PLCs can act either by the molecules they produce, but also by the fact they consume substrates and lower their concentrations (See working model in Supplemental Figures S2A,B) . If the effect of PI-PLCs is to deplete phosphoinositides, then edelfosine (that-by inhibiting PI-PLCs-would increase phosphoinositide level) and 30 μM wortmannin (that inhibits phosphoinositide production) should have reverse effects on gene expression (Supplemental Figures S2B-D) . If the action on gene expression is through PA, then edelfosine (inhibiting phospholipase activity) and wortmannin (inhibiting phospholipase activity by preventing substrate synthesis) would have similar effects. We had previously performed a microarray experiment using Arabidopsis suspension cells treated by 30 μM wortmannin (Krinke et al., 2007) . Because wortmannin can also inhibit phosphatidylinositol-3-kinases (PI3Ks), but at a lower (nanomolar) concentration, comparing the effects of 30 μM wortmannin (W30) to those of 1 μM wortmannin (W1) identifies genes for which the effect of W30 is not attributable to an inhibition of PI3Ks.
Of the 25242 microarray probes with a signal, 2942 genes (Supplemental Table S1D ) showed a differential expression in the presence of W30 vs. W1: 1629 were more induced in the presence of W30 compared to W1 while 1313 genes had the opposite regulation. We verified, in an independent experiment that the expression of several genes was indeed altered by W30 (Figure 2) . We then crossed the microarray data obtained from edelfosine-treated cells with those obtained from cells treated with W30. We identified 24539 probes with a signal in both experiments. As above, a contingency table was filled with the number of probes observed for each category ( Table 2 ) and these numbers were compared to the theoretical ones assuming sensitivities to edelfosine and to W30 are independent. A Pearson's Chi-squared test clearly showed (p-value less than 2.2e-16) that the sensitivity to edelfosine was not independent from the sensitivity to W30. There were 10-fold more probes that were either up-regulated (229) or downregulated (367) by edelfosine and by W30 than theoretically expected. On the contrary, there was an under representation of genes for which edelfosine and W30 have opposite effects. A Venn diagram representing the overlaps between gene regulated by edelfosine or W30 is in Supplemental Figure S1B . These results confirmed that there was a functional coupling between type-III-PI4K and PI-PLC leading to the control of gene expression, and that basal PI-PLC acts on gene expression via its products and not by depleting phosphoinositides. The same analysis was done using the transcriptome of U73122-dependent genes, and the conclusion reached was the same (Supplemental Table S2A ).
The pool of genes regulated the same way by edelfosine and W30 (Supplemental Table S1E ), thus controlled by PI-PLC through its products, were classified according to their associated biological processes (Provart and Zhu, 2003) . When compared to the Arabidopsis whole genome set, there was a significant over representation of "responses to abiotic and biotic stimulus" and "response to stress." These categories were also over represented in the edelfosine-and W30-repressed genes, for which the most over represented category was "electron transport or energy pathways" (Supplemental Figure S3 ).
An in silico promoter analysis was carried out to find ciselements that were over represented in the promoters of these genes ( Table 3 ). In the group of genes induced by both chemical agents, cis-elements such as C-repeat/Drought Responsive Elements (CRT/DRE), G box, and Coupling element 3 motifs were present. These elements are typical of stress responsive genes and have been involved-inter allia-in responses to drought, 
For each category, the number of observed genes can be compared to that of theoretical genes, indicated between brackets, considering that the expression of genes to each of the 2 molecules is independent. The ratio "number of observed genes" vs. "theoretical number" is in bold.
cold, and abscisic acid (ABA; Williams et al., 1992; Shinozaki and Yamaguchi-Shinozaki, 2000; Gómez-Porras et al., 2007) .
EDELFOSINE-CONTROLLED GENES ARE ALSO CONTROLLED BY R59022, A DGK INHIBITOR
Arabidopsis cells were also treated by R59022, a DGK inhibitor (Ruelland et al., 2002; Laxalt et al., 2007) . We identified 205 probes as R59022-repressed and 294 as R59022-induced (Supplemental Table S1F ). We crossed these data with those of the edelfosine experiment, and identified 25662 probes with a signal in both experiments. A Pearson's Chi-squared test (p-value < 2.2e-16; chi-squared 5684) indicated that R59022 sensitivity was not independent of edelfosine sensitivity. There were indeed 24-fold more probes up-regulated or down-regulated by edelfosine and by R59022 than expected if the sensitivities to the two chemicals were independent (Supplemental Table S2B ). Supplemental Table S1G lists these genes. A Venn diagram representing the overlaps between genes regulated by R59022 or edelfosine is in Supplemental Figure S1C . Finally, genes that were regulated the same way by W30, edelfosine, and R59022 were identified. Fifty-three genes were induced by the three inhibitors, a number much higher than expected (2) if the effects of these molecules were independent (Supplemental Table S2C ). Similarly, 47 genes were repressed by each molecule. This is 29-fold more than expected. The full list of genes regulated the same way by W30, edelfosine, and R59022 is given in Supplemental Table S1H . We verified on some of these genes that they were indeed sensitive to edelfosine, to W30 and also to R59949, another DGK inhibitor (Jiang et al., 2000) (Figure 3) . A Venn diagram representing the overlaps between genes induced by R59022, or edelfosine, or W30 is in Supplemental Figure S1D , while a diagram representing the overlaps between genes repressed by R59022, or edelfosine, or W30 is in Supplemental Figure S1E .
All inhibitors used in this work prevent PA formation by the PLC pathway, by directly acting either on DGK (R59022/R59949) or on PI-PLC (edelfosine/U73122) or by acting on the substrate provided to PI-PLC (W30). The genes regulated similarly by the three treatments can be considered as regulated by PA produced by the PLC module.
FIGURE 3 | Edelfosine, W30, and R59949 can have similar effects on basal gene expression. We verified on a set of genes that edelfosine, wortmannin, and R59949 could, separately, stimulate or repress basal expression. Cells were treated with edelfosine, wortmannin, or R59949 for 4 h, at 22 • C, before harvesting. Transcript levels were estimated by reverse transcriptase-PCR, using an appropriate number of cycles.
THE DREB2 GENETIC PATHWAY IS CONSTITUTIVELY INHIBITED BY BASAL PI-PLC IN SUSPENSION CELLS AND SEEDLINGS
In Figure 3 , two genes encoding DREB2 proteins, which are transcription factors that bind the CRT/DRE motifs, were present as being induced by the inhibitors. We therefore analysed the response of all DREB2 genes to inhibitor treatments by RT-PCR ( Figure 4A ). We were not able to amplify DREB2F nor DREB2G cDNAs. All other DREB2 genes, but not DREB2D, showed an induction in presence of U73122 or R59022. Quantitative realtime PCR (qPCR) confirmed R59022-induced DREB2A expression ( Figure 4B) .
Lists of edelfosine-and R59022-altered genes were used as signatures to interrogate the microarray experiments using the Genevestigator similarity search program (Hruz et al., 2008) . In both instances, of the 789 experiments classified as "stress" by Genevestigator, the eight top experiments with highest similarity are experiments in which plants were treated either by salt, drought, or heat, in wild-type plants or in mutant genetic backgrounds ( Figure 5) . These are the very stresses in which DREB2s is reported to act as main transcription factors (Sakuma et al., 2006; Mizoi et al., 2013) . As to DREB2 target genes, Mizoi et al. (2013) published a list of genes whose expression is altered in Arabidopsis when Arabidopsis or Soybean DREB2A, in their native or constitutively active forms, are over expressed. These genes are considered as being downstream DREB2A, and to be DREB2 direct or indirect target genes. We compared our list of edelfosine-altered genes with that of these genes. Among 515 edelfosine-repressed genes, 281 genes are altered in at least one of the DREB2A over expressing mutants, and among 412 edelfosine-induced genes, 211 are altered in at least one of the over expressing mutants (Supplemental Table S3A ). More than half of edelfosine responsive genes are downstream of DREB2A. Similarly, of 205 R59022-repressed genes and 294 R59022-induced genes, 119 and 149, respectively, are downstream DREB2A (Supplemental Table S3B ). The CRT/DRE motif was first identified by deleting the promoters of LTI78/RD29A (Yamaguchi- Shinozaki and Shinozaki, 1994) and COR15A (Baker et al., 1994) . This makes those 2 genes to be considered as the canonical DREB2 target genes. We analysed their responses to inhibitors of the PI-PLC pathway, and found that inhibiting PI-PLC or DGK led to their expression ( Figure 4A) .
In order to establish whether the inhibitor effect is also evident in seedling tissues, 2-week old plants were treated with edelfosine ( Figure 6A ) or R59022 ( Figure 6B ). The inhibitors of PA production by PI-PLC pathway induced a clear expression of DREB2A, DREB2B, and DREB2H in the seedlings, and also of 2 DREB2-target genes, LTI78 and COR15A ( Figure 6A and Supplemental Figure S4 ). (Jung et al., 2008) , SnRK2C and SnRK2F (Mizoguchi et al., 2010) , alternative oxidase1 (Giraud et al., 2008) , and the F-box protein DOR (Zhang et al., 2008) , respectively. described above as dependent on the level of PA originating from the PLC/DGK pathway for their expression, are also controlled by the PA from the PLDs.
PLD-dependent genes were revealed by comparing expression levels in presence of n-butanol (n-ButOH) and tert-butanol (tertButOH). Only the primary alcohol is a substrate of PLDs and leads to the formation of phosphatidyl-alcohol to the detriment of PA. We identified 1252 genes induced and 1304 genes repressed by n-ButOH vs. tert-ButOH (Supplemental Table S1I ). We compared these lists to those obtained with R59022 or edelfosine. Only 111 genes had their expression altered by both n-ButOH and R59022. Comparing the contingency tables, it appeared that there was an over-representation (4-fold for genes induced by both molecules and 6-fold for repressed genes) of the 76 genes for which n-ButOH and R59022 had a similar effect. However, the contingency table also shows an over representation, even though to a lesser extent (2 to 3-times), of genes for which R59022 and n-ButOH had an opposite effect (35 genes; Table 4A ). A Venn diagram representing the overlaps between gene regulated by n-ButOH and R59022 is in Supplemental Figure S1F .
In the case of edelfosine, 366 genes were affected by both treatments. Those for which the effects were similar (245 genes) were over-represented 4 to 6-times, and again those for which the effects were opposite (121 genes) were also over-represented (2-3 times; Table 4B ). A Venn diagram representing the overlaps between gene regulated by n-ButOH and edelfosine is in Supplemental Figure S1G . The fact that basal PLD and basal PLC pathways do not necessarily control gene expression the same way is well-illustrated by DREB2 genes. Our microarray data suggest that while DREB2A, DREB2C, and DREB2E are repressed by basal PLC coupled to DGK (induced by U73122 and R59022), DREB2A, and DREB2C were repressed by basal PLD activity whereas DREB2E was stimulated ( Figure 7A ). Using new set of RNAs the sensitivity to the inhibition of PI-LC and of PLDproduced PA was confirmed by qPCR for DREB2C and DREB2E genes ( Figure 7B ).
DISCUSSION
A pharmacological approach has allowed us to identify genes whose transcript levels are regulated by a basal PI-PLC activity in resting suspension cells. Edelfosine is a water-soluble molecule that has been shown to inhibit PI-PLC in vitro (Powis et al., 1992) . It is been widely used to inhibit PI-PLC in vivo, either in animals or plants (Strassheim et al., 2000; Vergnolle et al., 2005; Thyagarajan et al., 2009 ). However, effects other than action on PI-PLC have been reported. Due to its structure close to lyso-PC, it could affect membrane structure (Wiese et al., 2000) . Besides, edelfosine blocks PC biosynthesis (van der Luit et al., 2002) , probably by acting on CTP:cholinephosphate cytidylyltransferase (Vogler et al., 1996) . This is why it was important to cross the transcriptome data with those obtained with another PI-PLC inhibitor. U7322 is an aminosteroid that-till recently-was considered and used as the archetypal PI-PLC activity inhibitor. It has indeed been shown to inhibit in vitro PI-PLCs either from animals (Bleasdale and Fisher, 1993; Wilsher et al., 2007) or from plants (Takahashi et al., 2001; Helling et al., 2006) . It is widely used in animals to study PI-PLC roles (Romano and Lograno, 2013; Zhong et al., 2013) . In plants, U73122 was shown to lead to an increase of PI-PLC substrates in tobacco plasma membrane (Van Leeuwen et al., 2007) and in pollen tube tip (Helling et al., 2006) . It was shown to diminish PI-PLC in vivo activity during osmotic stress (Takahashi et al., 2001; Parre et al., 2007; Ghars et al., 2012) , heat stress (Liu et al., 2006) , cold stress (Vergnolle et al., 2005) , gravistimulation (Perera et al., 2001) , and to diminish calcium oscillation in guard cells in response to ABA (Staxen et al., 1999) . Recently, it was used to show PI-PLC involvement in phototropic gene expression (Salinas-Mondragon et al., 2010) and in blue light-mediated chloroplast movements (Aggarwal et al., 2013) . It was also shown to inhibit a basal PI-PLC activity in Coffea arabica cells (Ramos-Díaz et al., 2007) . However, even if the role of U73122 as a PI-PLC inhibitor is well-documented, it is believed to act as a general alkylating agent. Because side effects might result from protein alkylation (Mogami et al., 1997; Horowitz et al., 2005) it has been recommended to preferentially use edelfosine over U73122 to inhibit PI-PLC (Wong et al., 2007; Kelm et al., 2010) . We suggest that comparing the effects of these 2 PI-PLC inhibitors, because of their different chemistries, is an appropriate way to detect what is really attributable to PI-PLC. Among genes whose expression was affected by the inhibitors, we found an under representation of genes for which the inhibitors had opposite effects (3 genes), concomitantly with an over representation of genes for which they had the same effect (128 genes induced, 122 genes inhibited). One might consider that these numbers are not high. However, taking into account that the transcriptome data were normalized using Bonferonni correction, the significance thresholds are stringent. With a less stringent correction [Benjamini-Hochberg (BH) correction] just for U73122 analysis, we found 247 genes inhibited and 213 genes induced by both inhibitors. If the BH correction was also used for edelfosine analysis, it led to 293 genes induced and 323 genes repressed by both inhibitors. Rather than the absolute number of genes in each category, it is the enrichment ratio as shown in the contingency tables that is pertinent. Indeed, the genes induced by U73122 or edelfosine, and the genes repressed by those chemicals, are 10-and 16-fold more abundant than expected in a random distribution. The strong correlation of edelfosine-and U3122-altered genes made us consider those genes as being PI-PLC controlled.
PI-PLC action results in the production of InsP 3 , and of DAG that can be phosphorylated into PA. It also results in a decrease of its substrates, the phosphorylated phosphatidylinositol (the so-called phosphoinositides). Indeed, in response to cold, we monitored a decrease of PI4P/PI(4,5)P 2 as PA increased due to PI-PLC activation in Arabidopsis suspension cells (Ruelland et al., 2002) . Van Leeuwen et al. (2007) could visualize PI(4,5)P 2 in plasma membrane of tobacco BY-2 cells only when PI-PLC was inhibited by U73122, showing that (i) a basal PI-PLC activity exists in plants, (ii) this basal PI-PLC activity diminishes phosphoinositide level. Since phosphoinositides can bind proteins (Van Leeuwen et al., 2004; Delage et al., 2013) , it is possible that PI-PLC pathway controls gene expression by the increase of its products or by the decrease of its substrates. We recently demonstrated that PI-PLC substrates are provided by wortmannin-sensitive type III-PIKs (Delage et al., 2012) . Inhibiting type III-PI4Ks leads to a decrease of PI-PLC products due to a decrease of PI-PLC substrates. On the contrary, inhibiting PI-PLCs would lead to an increase of PI-PLC substrates. Therefore, if the action of PI-PLC on gene expression is mediated by a PI-PLC product, inhibiting PI-PLCs or type III-PI4Ks will lead to a similar effect on the gene response. On the contrary, if the action of PI-PLC is through a control by its substrates, inhibiting type III-PI4Ks and inhibiting PI-PLCs should lead to opposite effects (working model in Supplemental Figures S2B-D) . We compared the edelfosine transcriptome data with that obtained with 30 M wortmannin (Krinke et al., 2007) . We detected 596 genes whose expression was similarly affected by edelfosine and wortmannin, this being at least 10-fold more than expected in case of a random distribution. This represented 65% of all edelfosine-regulated genes, a percentage that was certainly underestimated due to threshold considerations (see above). On the contrary, only 22 genes were identified for which edelfosine and wortmannin had opposite effects. This is less than what would be expected considering the inhibitor treatments were independent. The same results arise when crossing wortmannin data with U73122 ones. This strongly supports the notion that basal PI-PLCs act through their products. Here, also, it is necessary to consider wortmannin specificity. We have demonstrated that W30 inhibits in vitro PI4Ks from Arabidopsis membranes (Delage et al., 2012) . It also inhibits PI4Ks in vivo (Krinke et al., 2007 ). Yet, we cannot rule out that it also inhibits protein kinases, such as ataxia-telangiectasia-mutated protein (Sarkaria et al., 1998) . However, the strong overlap between W30 and edelfosine (or U73122) effects is in favor of an action on the same pathway, and of basal PI-PLC acting through its products.
The basal PI-PLCs produce InsP 3 and its phosphorylated derivatives, and DAG and its phosphorylated derivative, PA. We tested the implication of PA by inhibiting DGK with R59022. This molecule was shown to inhibit in vitro DGK either from plants (Lundberg and Sommarin, 1992; Gómez-Merino et al., 2005; Vaultier et al., 2008) or from animals (Lundberg and Sommarin, 1992; Matowe and Ginsberg, 1996; Jiang et al., 2000; Gómez-Merino et al., 2005) . The in vivo synthesis of cold-induced PA was reduced by treatment with R59022 in Arabidopsis suspension cells (Ruelland et al., 2002) ; R59022 enhanced phytoalexin accumulation in pea (Pisum sativum) treated with fungal elicitor (Toyoda et al., 2000) . As gene expression was affected by this treatment, this implies that PA is transducing basal PI-PLC action. Many of the genes whose expression was altered by the DGK inhibitor had their expression altered in a similar way by edelfosine. Their number was 24-fold more than expected if the actions of the inhibitors were independent. Therefore, it shows that DGKs, acting downstream of PLCs, play a significant role in cell physiology. Documented roles for DGK are still scarce. Arabidopsis seedlings grown for 3 weeks in the presence of R59022 had a reduced primary root elongation, suggesting a role for DGKs in root growth (Gómez-Merino et al., 2005) . Rice protoplasts expressing RNAi-silencing constructs targeting multiple DGKs are impaired in the expression of PR1 in response to xylanase, and in the expression of CIPK15 in response to NaCl (Ge et al., 2012) .
Interestingly, amongst the genes induced by R59022 are most of DREB2 genes. This is true for both suspension cells and in seedlings. These genes are also induced after inhibiting PIPLCs. DREB2 proteins are transcription factors with an AP2/ERF DNA-binding domain. In Arabidopsis, there are 8 DREB2 genes, named DREB2A to DREB2H (Ruelland et al., 2009) . DREB2A and DREB2B are highly induced by drought, NaCl, or heat, while poor induction is seen in response to cold or ABA (Nakashima et al., 2000; Sakuma et al., 2006) . Expression of DREB2C, DREB2D, and DREB2F is slightly induced by high salt treatments in leaves, but much less than that of DREB2A and DREB2B. Expression of DREB2E is slightly induced in roots only by ABA. No conditions have yet been shown to result in the induction of DREB2G and DREB2H (Sakuma et al., 2002) .
Here, DREB2H was clearly induced by inhibiting DGKs or PIPLCs. DREB2A is a major transcription factor governing gene expression during osmotic stress in an ABA-independent pathway . DREB2A has also a major role in heat response by inducing HsfA3 promoter (Sakuma et al., 2006; Schramm et al., 2008; Yoshida et al., 2008) . The transcriptomes of the heat or osmotic stress responses are indeed the stress-microarray experiments with the highest correlation rates to edelfosine-microarray or R590022-microarray. Accordingly, the motif of the cis-elements bound by DREB2 transcription factors are over-represented in genes induced by edelfosine and W30 (i.e., genes induced by inhibiting the production of PI-PLC products).
Our data thus confirm a coupling between type III-PI4Ks, PIPLCs, and DGKs. This coupling leads to the basal inhibition of most DREB2 gene expression. In Arabidopsis, all these enzymes are encoded by multigenic families. However, the pharmacological approach taken here does not give information about the isoforms involved in this coupling. The mode of inhibition of type III-PI4Ks by wortmannin is known: it binds irreversibly to a lysine in the active site of the lipid kinases (Wymann et al., 1996) . This lysine being conserved in the 3 Arabidopsis type III-PI4Ks (Lys-1772, Lys-862, and Lys-859 for AtPI4K1, AtPI4K1, and AtPI4K2, respectively) wortmannin is not likely to be able to discriminate between them. In response to cold, we have shown that the 3 type III-PI4Ks indeed participated in the synthesis of substrates of PI-PLCs (Delage et al., 2012) . This could also be the case in resting conditions. The plant PI-PLCs being all very similar, and structurally related to Mammalian PI-PLC, it is very unlikely that U73122 or edelfosine would discriminate between them. The inhibiting role of U73122 is clearly established, but its exact mode of action is not documented. As already mentioned, it might act as an alkylating agent (Mogami et al., 1997; Horowitz et al., 2005) , but the target residues on PI-PLC are not known. Therefore, it is not possible to consider a specific U73122-inhibition on some Arabidopsis PI-PLC isoforms. Edelfosine, an alkyl-lysophosphatidylcholine, is likely to act by competitive inhibition, but here again, the specificity within PI-PLC family is not known. Thus, U73122, edelfosine, R59022, or R59949, are not likely to discriminate between their respective targets that are also functionally redundant, as reported for PI-PLC (Pokotylo et al., 2014) and DGK (Arisz et al., 2013) . All PI-PLCs or DGKs present in basal suspension cells or seedlings likely participate in the negative control of DREB2 gene.
It is possible that a basal PLD activity occurs in cells, in this way also generating PA although composed of different molecular species (Rainteau et al., 2012) . If this is so, does its inhibition induce the expression of DREB2 genes? In fact, different responses exist: induction, repression or no effect. So PLD-generated and PLC/DGK-generated PAs are not equivalent. Besides the differences in composition, the environment of PA could differ with the membrane where it appears according to the location of the isoform responsible for its synthesis.
Some published data show that PI-PLCs have a role in controlling a basal process. Incubation of Thellungiella salsuginea seedlings with U73122 did lead to an increase in cellular proline level (Ghars et al., 2012) . Which PI-PLC product was involved is not known. Resting InsP 3 levels were monitored in tobacco cells or Arabidopsis plants, and the expression of mammalian inositol polyphosphate 5-phosphatase activity (that specifically hydrolyses soluble inositol phosphates) led to a reduction of the basal InsP 3 levels (Perera et al., 2002 (Perera et al., , 2008 . Those transgenic plants were characterized by the up-regulation of DREB2A gene and some of its target genes (Perera et al., 2008) . This data would suggest that DREB2A is constitutively repressed by a basal PI-PLC, via its production of soluble phosphorylated inositols. Both our study and that of Perera et al. (2008) suggest that there is a basal PI-PLC negative regulation of DREB2A expression. Both the lipid and the soluble mediators produced by this basal PI-PLC seem to participate in DREB2 down regulation. Deciphering the respective roles of soluble inositols and PA, either additive or opposite, in the PI-PLC triggered responses, requires further investigation.
Does the fact that PI-PLC/DGK exerts a negative control on basal DREB2A imply that in order to get an increased DREB2A expression in response to stresses, PI-PLC activity has to be reduced? In fact, far from being associated with PI-PLC activity inhibition, osmotic stresses are associated with an increase in PI-PLC activity. InsP 3 has been shown to increase with salt stress and mannitol (osmotic) stress in Arabidopsis suspension cells (Takahashi et al., 2001 ) and Arabidopsis seedlings (Parre et al., 2007) . However, the exact role of PI-PLCs in response to osmotic stress is not fully understood. In Arabidopsis suspension cells, the DREB2A induction by mannitol did not seem to be inhibited by neomycin, a molecule that chelates phosphoinositides and therefore inhibits the PI-PLC pathway (Takahashi et al., 2001) . That would suggest that PI-PLC activation might not be a major actor of response to osmotic stress, or at least of the DREB2A induction. Indeed osmotic stresses activate pathway others than the PI-PLC one. In Arabidopsis, osmotic stress is associated with an increased PI(4,5)P 2 content (Takahashi et al., 2001; König et al., 2007) . This is possible that the PI(4,5)P 2 producing enzymes are more activated than the degrading enzymes (PI-PLC) during stress.
The apparent contradiction whereby basal PI-PLC activity represses the expression of stress-associated genes (e.g., DREB2s), while stress-activated PI-PLCs stimulate their expression, only exists considering that PI-PLCs use the same modes of action in basal and stress conditions. A major difference between these conditions will be the content in both PI-PLC substrates and products. If we consider solely a PI-PLC activation over its basal activity level, it would lead to a decrease in phosphoinositides and an increase in products (Supplemental Figure S2E) . Thus, there would be more PA, for instance, present in stressed cells than in resting ones. This should affect PA interactions with its target peptides: in resting conditions, only the high affinity ones would be involved. It is possible that these targets negatively regulate DREB2 gene responses. In stress conditions, PA at high concentrations could interact with targets of lower affinity. These targets may have opposite effects compared to the high affinity targets: they may positively regulate DREB2A expression. Moreover, some stress conditions have been associated with a situation where phosphoinositide level is increased concomitantly with the PI-PLC activation (Supplemental Figure S2F) . PI(4,5)P 2 could be one of the active molecules during the response to some stresses, positively regulating DREB2 gene expression. Interestingly, PI(4,5)P 2 increase has been reported in response to osmotic stresses, but also to heat stress, two stresses that induce DREB2 expression.
Some PLDs also participate in osmotic stress responses (Hong et al., 2008) and thus they might play a role more important than that of PI-PLC. Indeed, the mannitol-trigerred proline accumulation in Thellungiella salsuginea was moderately inhibited by U73122, while it was strongly inhibited by n-ButOH (Ghars et al., 2012) . Clearly, the role of PI-PLC on DREB2 gene expression in response to osmotic stress should be further investigated. What appears is that several cellular processes (such as DREB2 expression, or proline accumulation) are actively regulated in both stress and basal conditions. However, signaling pathways in "stress" conditions are not the simple "reversion" or, on the contrary, "enhancement" of the ones active in basal conditions. Understanding plant physiology implies to understand signaling or regulation both in basal conditions and in stress activated conditions.
Finally, it has been shown that genes orthologous to Arabidopsis DREB genes are induced during desiccation in resurrection plants, i.e., plants that are able to survive the loss of more than 90% of their water content loss (Mundree et al., 2002; Garwe et al., 2003) . Our data opens the question as to the role of lipid signaling in controlling the expression of DREB genes, in basal states and in stressed states. Is lipid signaling also involved in basal and stress induced regulation of DREB2 genes in resurrection plants? That is, are the lipid signaling pathways active during initial drying of water loss up to 40%, (Morse et al., 2011) , which is akin to dehydration and furthermore, are they also active during the more severe stages of water loss (of up to 95% of total water content), akin to desiccation? And are the roles during dehydration and desiccation similar, in particular in the control of gene expression? The data we present in this article illustrate the complexity of the regulation of DREB2 genes, and the prominent role of PI-PLC pathway in this regulation. An exciting prospect is now to investigate the role of this signaling pathway in plants not only able to survive drought, but also desiccation.
MATERIALS AND METHODS
CELL CULTURE AND PHARMACOLOGICAL TREATMENTS
Arabidopsis thaliana Col-0 suspension cells were cultivated as in (Krinke et al., 2009) . Experiments were performed on 5-d-old cultures. Edelfosine (20 mM in water), R59022, R59949 (10 mM in tert-ButOH), and wortmaninn (6 mM in methanol) were used as stock solutions. Arabidopsis thaliana seeds were sterilized as in (Delage et al., 2012) . Five to ten seeds were sown in wells of 24-well plates filled with 400 μL basic half-strength Murashige and Skoog (MS) medium, pH 5.7, supplemented with 5 g.L −1 MES, 5 g.L −1 sucrose. After 3d at 4 • C, plates were transferred at 22 • C, under white light 100 E.m −2 .s −1 , 16 h day/8 h night. Experiments were performed on 2 week-old seedlings.
TRANSCRIPTOME STUDIES
Microarray analysis was carried out at the Unité de Recherche en Génomique Végétale (Evry, France), using CATMA arrays containing 31776 gene-specific tags corresponding to 22089 genes from Arabidopsis (Crowe et al., 2003; Hilson et al., 2004) . Two independent biological replicates were made. For each biological repetition and each point, samples were obtained by pooling RNAs from 3 independent experiments. RNAs were prepared as described in Krinke et al. (2009) . For each comparison, one technical replicate with fluorochrome reversal was performed for each biological replicate (i.e., four hybridizations per comparison). Labeling of cRNAs with Cy3-dUTP or Cy5-dUTP (PerkinElmer-NEN Life Science Products), hybridization to slides, and their scanning were performed as described in Lurin et al. (2004) .
STATISTICAL ANALYSIS OF MICROARRAY DATA
Experiments were designed with the statistics group of the Unité de Recherche en Génomique Végétale. For each array, the raw data comprised the logarithm of median feature pixel intensity at wavelengths 635 nm (red) and 532 nm (green) and no background was subtracted. An array-by-array normalization was performed to remove systematic biases. First, spots considered badly formed features were excluded. Then a global intensitydependent normalization using the loess procedure (Yang et al., 2002) was performed to correct the dye bias. Finally, for each block, the log-ratio median calculated over the values for the entire block was subtracted from each individual log-ratio value to correct print tip effects. Differential analysis was based on the log ratios averaged on the dye-swap: The technical replicates were averaged to get one log-ratio per biological replicate and these values were used to perform a paired t-test. A trimmed variance was calculated from spots which did not display extreme variance (Gagnot et al., 2008) . The raw p-values were adjusted by the Bonferroni method, which controls the Family Wise Error Rate in order to keep a strong control of the false positives in a multiple-comparison context. We considered as being differentially expressed the probes with a Bonferroni p-value < 0.05.
SEMIQUANTITATIVE RT-PCR ANALYSIS AND qPCR ANALYSIS
For semiquantitative RT-PCR, 1 μg of total RNA was treated with DNase I (Sigma-Aldrich) and reverse transcribed using the Omniscript reverse transcriptase kit from Qiagen and oligo(dT) 15 primers according to the supplier's instructions. An equivalent of 40 ng of total RNA was amplified with 0.6 μM gene-specific primer pairs. The gene encoding a 40S ribosomal protein S24 (At3g04920) was used as a housekeeping gene. Annealing temperature was 53 • C for all primer pairs. A suitable number of PCR cycles were used for each primer pair. PCR was separated on horizontal electrophoresis in 1% (w/v) agarose gels, 0.5× TBE buffer. Quantitative PCR (qPCR) was realized as in Delage et al. (2012) , with a Eppendorf Mastercycler® gradient thermal cycler. Threshold cycles (C T ) for each sample were determines with Ependorf Realpex 2.0 software. Expression for each gene of interest was normalized to the expression of the housekeeping gene, Cyt b 5 (At5g53560). Primers specific for each gene were used.
MOTIF ANALYSIS
Promoters (up to −1000 bp, without overlaps with other genes, with exclusion of 5 UTRs) were extracted from the database of The Arabidopsis Information Resource (TAIR; Rhee et al., 2003) . Created lists of promoters were searched for overrepresented motifs ranging from 4 to 10 bp using SIFT software (Hudson and Quail, 2003) with a list of whole genome promoters (33062 promoters) as a reference (promoters regions up to −1000 bp, without overlaps with other genes, with exclusion of 5 UTRs).
Overrepresented motifs (with a P-value above a threshold of 10 −5 , Chi-squared test) were subsequently aligned using ClustalX in order to cluster modules of the same motif. The motifs thus defined were then compared with those in PLACE (Higo et al., 1999) , RARGE (Jirage et al., 2001) , and AGRIS (Yilmaz et al., 2010) databases to search for related cis-elements and the closest motifs.
DATA SHARING
Newly generated microarray data from this article were deposited at Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/ geo/; accession no. GSE19850, GSE 35872 and GSE46941) and at CATdb (http://urgv.evry.inra.fr/CATdb/; Projects: RS09-04, AU10-12, AU13-01) according to the "Minimum Information About a Microarray Experiment" standards.
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SUPPLEMENTARY MATERIAL
The tert-ButOH.
